Abstract-This paper introduces a novel set of electric motor degradation cost functions based on energy usage, energy loss and work output, against their continuous operation rated values recommended by the manufacturer. Unlike conventional electric motor degradation indicators such as the bearing life and insulation life based service factors, these cost functions account for the quantified time in the degradation process. The cost functions are evaluated throughout the operational life of the motor using real-time measurements. Hence, they give a very accurate indication, which may be adapted for online controller tuning. This solid establishment of a degradation cost function also enables the system designer to give the user a choice between performance and degradation minimization.
I. INTRODUCTION
Electric motor has been the industrial work horse over the past century. During the last few decades it has been gaining recognition as a greener and more efficient alternative to the internal combustion engine in the transportation sector. Nowadays it very common to use electric motors in different types of electric vehicles such as plug-in electric vehicles, series hybrid electric vehicles, parallel hybrid electric vehicles and combined hybrid electric vehicles [1] - [3] .
In the electric vehicle design, various optimization methods are used to ensure optimum utilization of various device and component capabilities to the advantage of the vehicle construction and the benefits to its users. During the operational life of the electric vehicle, the energy management system makes sure the limited energy on-board is utilised optimally to ensure higher range while delivering the user desired performance [4] - [6] .
As any natural creature born or any artificial object created, electric motors in electric vehicles also deteriorate, degrade and expire. Despite that, in the process industry applications, the electric motor is considered to be one of the most rugged elements in the mechanical power supply chain because its operation is confined to a limited operating regions which are usually around the most efficient, rated operating points.
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As any natural creature born or any artificial object created, electric motors in electric vehicles also deteriorate, degrade and expire. Despite that, in the process industry applications, the electric motor is considered to be one of the most rugged elements in the mechanical power supply chain because its operation is confined to a limited operating regions which are usually around the most efficient, rated operating points. Therefore, the component level degradation indicators such as bearing life based on the number of revolutions turned, or the materials level degradation indicators such as the service factors depending on the over temperature conditions detected during the operation of the motor, have been used to assess the degradation and estimate remaining useful life [7] - [15] .
With the paradigm shift of electric motors role as a prime mover in the electric vehicles, the motor control has come across new challenges as it needs to be operated in almost every operating point in the characteristic curve, subjected to thermal, battery and power electronic limitations. New designs with wider high efficiency regions have contributed substantially to ease the challenges. The new designs use to specify two separate characteristic curves, one for the continuous operation where the efficiency will be higher and degradation will be lower and another for the peak value operations, where the degradation will be higher and not recommended to operate more than a specified time such as 60 s at a time to avoid reaching harmful temperatures [16] . This approach tremendously helps to keep both the weight and the cost lower. But on the other hand, it can be interpreted as undersized design because it can not deliver peak torque throughout its operational life continuously. This leads to accelerated degradation of the electric motor not by its individual components such as bearings or by its material such as insulation, but as a system which become unable to deliver the power demand. The situation becomes worse when inexpensive materials are substituted as a means of reducing the cost. For example, rare earth materials are being replaced with ferrite materials for magnets in permanent magnet motors [17] - [18] .
Hence the above new specifications on characteristic curves and restrictions on operating times in certain regions, impose new challenges to the assessment of the degradation. Therefore the bearing life and insulation life are not sufficient simply because they only account for quantified amplitude but do not account for the duration. In addition, their combined effect together with other possible modes of degradation contributes to the complete degradation of the motor, which is observed as a reduction in working capability [20] . A typical manufacturer datasheet is given in Fig. 1 [16] to exemplify the existence of two characteristic curves and time restrictions on certain operating points. This paper introduces a novel set of motor degradation cost functions based on energy usage, energy loss and work output, which do account for quantified time in the degradation. They quantify the excess energy usage, excess energy loss and excess work output while operating at points other than the continuous operation characteristic curve.
The control engineers can use these cost functions in deriving motor control schemes, where it takes real-time motor degradation into account in a more realistic and a practical manner. It also enables to offer advanced control schemes, where closed loop performance (J CL ) versus degradation (J DEG ) can be optimally tuned online as per user preference, where the total cost function can be given for 0 ≤ α ≤ 1 as
The paper is organized as follows. Section II presents a set of motor degradation cost functions based on energy usage, energy loss and work output. Section III describes the experimental followed to validate the cost functions using standard drivetrain hardware. Section IV presents the experimental results followed by a discussion and Section V concludes the paper with an outline of the future work.
II. THE MOTOR DEGRADATION COST FUNCTIONS
The concept of degradation assessment presented in this paper has been developed based on a natural scenario. The philosophy is that, every living creature and every physical natural or artificial object has a finite life time that gets defined at its origin. There is hardly any chance for this original life time to get prolonged, but instead it may get shortened depending on the life style for a living creature and depending on how it is being used and under the conditions of the environment for physical objects [19] . Though electric motors in electric vehicles as well as the electric vehicles themselves are man-made objects, they must undergo the same natural scenario. Obviously, their useful life will come to an end on one day. But from an instant between the origin and the expire, the remaining useful life of them will be influenced by how they have been used and under what environmental conditions they have been operated (temperature, humidity, vibration, ventilation, etc.,). The electric motors are designed for some rated speed, torque and power P rated on the continuous operation of the characteristic curve. Depending on the design, manufacturing procedure, quality of the raw materials and the technology, the manufacturer recommends a useful life time t lif e . The t lif e is influenced by how often the motor is operated beyond the continuous operation of the characteristic curve subjected to the maximum limitations defined by the peak operation characteristic curve. For an electric motor, the entire amount of work that it can be done during its manufacturer recommended useful life time can be evaluated by:
During the useful life time, the motors will be operated many times delivering non-zero power. The work done by the motor in it's i th continuous operation which takes place from time t initiali to t f inali can be given by
where the instantaneous output power is given in terms of the instantaneous shaft torque τ outputi (t) and the speed ω outputi (t) as
Due to non-ideal conditions, when converting electrical energy to mechanical energy using motors and also during energy transfer back to the source during regeneration in torque reversal, it involves several types of energy losses. The energy lost during the above i th operation can be given by
where the power loss of a motor in general consists of the resistive losses in the windings due to current, i.e., copper loss P Cu , flux dependant iron losses P F e (Hysteresis losses and Eddy current losses), dynamic friction, windage and other losses accounting for mechanical losses P M ech related as
These losses will not remain constant. Depending on how the motor is operated, maintained, environmental factors and the age, the losses will vary. Therefore, taking all the losses in to account, for N number of operations of the motor, the cumulative work W actual done by the motor will be
It is interesting to note here that the ratio W actual W rated (< 1) represents the fraction of the working capability of the motor which has already been used. Therefore
represents the Remaining Useful Life (RUL) of the motor. Hence it is straight forward to calculate the RUL online using time integrals of instantaneous input power to the motor. Thus it is a very flexible approach which can also be adapted in an existing setup with minimum modifications. In order to identify the degree of degradation, this paper proposes three degradation cost functions (J DEG ), namely; Cumulative Work Ratio (CWR), Cumulative Loss Ratio (CLR) and Cumulative Input Energy Ratio (CIER), i.e.,
A. Cumulative Work Ratio
The Work Ratio for the i th operation of the motor is defined as
where it compares the actual work done by the motor during the drive cycle taking in to account the instantaneous output torque and output speed against the work done in delivering rated power during the same interval. Ideally the Work Ratio should be less than or equal to unity. However, if it goes beyond unity, may be as a part of the drive cycle, it is considered to be over burdening the motor. The latter over burdening will eventually be contributed to degrade the motor and reduce the life time. In order to integrate the history of operations of the motor, the Work Ratio concept is extended to Cumulative Work Ratio (CWR) as
where it compares the total work delivered in N driving cycles against the total amount of work the motor is supposed to deliver during its entire life time, which is typically for 30,000 hours for a 15 year electric vehicle design. If the motor undergoes frequent overburdening, CWR will soon reach unity. The more degrade the motor, the closer CWR to unity. Hence the quantified effects over the time are taken into account in the degradation cost function.
B. Cumulative Loss Ratio
The Loss Ratio (LR) and Cumulative Loss Ratio have been formulated based on the losses that the motor will encounter in delivering the work output. With η being the efficiency, the LR for the i th operation of the motor will be defined as
Instead of calculating losses separately, which needs to access many extra variables, it is assumed that the difference between input and output power is the power that is lost, which can be calculated using instantaneous input voltage, input current, output torque and output speed and integrating the power loss over the time. This lost energy is compared to the rated energy loss in case if the motor were delivering rated power at rated efficiency. In addition to degradation, an exceptionally high value of LR may also indicate a fault in the motor. The same concept is extended to indicate the total energy lost during the operation of N driving cycles against what the motor is supposed to loose during its entire life time by CLR, defined as
C. Cumulative Input Energy Ratio
The Input Energy Ratio (IER) and CIER have been formulated based on the input electrical energy that the motor will consume in delivering the work output. The IER for the i th operation of the motor will be defined as
where the input power may be calculated using input voltage and input current. The total energy consumed is calculated by using the time integral of the instantaneous input power. It is compared against the energy that the motor is supposed to consume in delivering the rated output work. As in the previous two cases, this concept is also extended to include the history of operations by defining the Cumulative Input Energy Ratio as
Hence unlike the bearing life and insulation life which only account for quantified amplitudes of operational aspects, the proposed set of motor degradation cost functions CIER, CLR and CWR, quantify the excess energy usage, excess energy loss and excess work output respectively while taking operating time also into account.
III. EXPERIMENTAL VERIFICATION OF THE DEGRADATION COST FUNCTIONS
Since the cost functions derived above can be implemented using direct measurements, instead of a simulation study, they are experimentally verified directly. This section describes the experimental design and procedure followed for the verification of the Degradation Cost Functions.
A. Experimental design and procedure
The experiments are designed such that, given the same vehicle dynamics, road conditions, air resistance and other environment conditions such as surrounding air temperature, humidity, ventilation, etc., the electric vehicle and hence the electric motors will be driven to follow the same drive cycle, but with different tracking accuracies. The integral absolute error (IAE) between the reference speed r (t) and the actual speed y (t), where
is taken as the measure of tracking accuracy. Three cases as 1) CASE1: Highly accurate, i.e., low IAE 2) CASE2: Moderately accurate, i.e., medium IAE 3) CASE3: Inaccurate, i.e., high IAE have been used to create 3 scenarios, where all of them will generate similar torque profiles during the drive cycle, but with different speed profiles. Hence they will operate in 3 different torque-speed profiles in the characteristic curve of the motor, resulting in different degrees of degradation at the end. It is assumed that the motors used in the experiment are degraded equally at the beginning of the experiment. The experiments are carried out using urban centred New European Drive Cycle (NEDC) and motorway centred Assessment and Reliability of Transport Emission Models and Inventory Systems (ARTEMIS) drive cycle. Due to torque capability limitation of the motor, the torque demand of the ARTEMIS experiment has been scaled down purposely.
B. Experimental setup
The experimental setup consists of typical components of an electric vehicle drivetrain, namely the electric motor, the vehicle load and the dynamics, battery and the power electronics and the respective control. The vehicle dynamics are obtained by hardware-in the loop (HIL) control of a backto-back connected motor working in the generator mode. The block diagram of the system is shown in Fig. 2 . The motor is a Brush Less DC (BLDC) type with electronic commutation in the stator achieved through power electronics. The current controller converts the torque reference from the speed controller to the respective current references in each phase of the 3 phase windings and outputs the gate trigger signals to the power electronics block. The current controller employs nonlinear hysteresis type current comparators. The rotor position for the current controller is obtained from the Hall effect position sensors placed in the stator and the same The BLDC generator receives the vehicle dynamics from HIL system implemented using dSP ACE T M system. Accordingly it generates electric power for an electric load (not shown in the figure) imposing the respective torque on the BLDC motor, which is the source of power for the generator. The dSP ACE T M system consists of DS1006 processor with dSP ACE2013b real time operating system, DS2202 input-output card interfaced to the user through ControlDesk T M 5.1 proprietary software platform. The experimental setup is shown Fig. 3 . The speed controller, receives the rotor speed of the BLDC motor indicating the vehicle speed. It is compared with the speed reference and the speed error is used to derive the current reference to the current controller. It resembles the operation of a driver of an actual vehicle and in this case the speed controller tries to follow a particular drive cycle introduced as the reference.
IV. RESULTS AND DISCUSSION
The upper part of the Fig. 4 shows how NEDC is followed in each case. As was designed, the tracking accuracy is best in CASE 1 and worst in CASE 3. The lower part of the Fig. 4 shows the same load torque profile (vehicle demand) applied on the BLDC motor through the BLDC generator using the HIL setup. Fig. 5 shows the variation of CIER, CLR and CWR with IAE for the 3 cases. In the CASE 1, where the IAE is the lowest, the motor undergoes the highest torque-speed profile and consequently the degradation is expected to be the highest. Following the same argument, CASE 2 with intermediate IAE is expected to result in intermediate degradation and the CASE with highest IAE is expected to result in the lowest degradation. As seen in Fig. 5 , this trend has been captured correctly by the degradation cost functions concerned. Fig. 6 shows the results of the experiment repeated with ARTEMIS drive cycle. Unlike in the previous case, here the difference in IAE between the CASES 1 and 2 is not narrow. With the ARTEMIS drive cycle too, in the CASE 1, where the IAE is the lowest, the motor undergoes the highest torque-speed profile and consequently the degradation is expected to be the highest. Following a similar argument, the other two CASES are expected result in intermediate and lower degradations respectively. As shown in Fig. 7 , in the ARTEMIS drive cycle also, the latter scenario has been captured correctly by all 3 degradation cost functions. In addition, when comparing the results for NEDC and ARTEMIS drive cycles presented in Figs. 5 and 7 respectively, it is observed that the quantified degradation is higher in NEDC than that in ARTEMIS drive cycle, which is in contrary to the general understanding of the two drive cycles because the accelerations and the decelerations are higher in the ARTEMIS drive cycle.
The reason for this observation can be understood by analysing the operating points in the characteristic curve followed in each drive cycle against the efficiency map of the motor. As shown in Fig. 8 , during NEDC, the motor undergoes a wider spectrum of speed profiles varying from very low speeds to very high speeds. In addition, the torque demand also varies between the two extreme ends of the motor capabilities. When referring the torque-speed profile during NEDC with the efficiency map of the motor shown in Fig. 9 , it can be observed that, especially at low speeds, the motor operates in low efficient regions during a substantial number of instants as compared to the ARTEMIS cases. On the other hand, with the scaled down torque demand due to capacity limitation of the motor, during ARTEMIS drive cycle, the speed and torque spectrum are relatively narrower. Most importantly, as seen in the efficiency map, it operates in the highest efficiency regions throughout the drive cycle. Therefore the degradation should be lower. This has correctly been captured by the degradation cost functions as observed. Hence the degradation cost functions CIER, CLR and CWR 
V. CONCLUSIONS AND FUTURE WORK
A set of electric motor degradation cost functions based on energy usage, energy loss and work output, against their continuous operation rated values recommended by the manufacturer, have been derived and presented in this paper. A special emphasis has been paid to degradations of electric motors in electric vehicle applications, where the problem is expected to be severe in the near future. The validity of the proposed degradation cost functions have been experimentally verified using practical case studies deploying standard drive cycles. The logically derived expected trends in degradations are captured and represented correctly both quantitatively and qualitatively using CIER, CLR and CWR. Since the evaluation of cost function in real-time involves only basic measurements such as voltages, currents, torque and speed, it can readily be implemented in electric vehicle environments, using existing hardware available on board. This enables control engineers to implement real-time degradation minimization algorithms even on existing vehicle platforms.
The future work of this project will include optimal controller design using the proposed degradation cost functions to minimize degradation of electric motors in electric vehicles.
